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A combination of two complementary depth profiling techniques with sub-nm depth resolution, nuclear resonance profiling and medium energy ion scattering, and cross-sectional high-resolution transmission electron microscopy were used to study compositional and microstructural aspects of ultrathin ͑sub-10 nm͒ Al 2 O 3 films on silicon. All three techniques demonstrate uniform continuous films of stoichiometric Al 2 O 3 with abrupt interfaces. These film properties lead to the ability of making metal-oxide semiconductor devices with Al 2 O 3 gate dielectric with equivalent electrical thickness in the sub-2 nm range. © 2000 American Institute of Physics. ͓S0003-6951͑00͒02402-5͔
Aggressive shrinking of the thickness of SiO 2 -based gate dielectrics in logic and memory semiconductor devices below ϳ2 -3 nm brings about a number of fundamental problems for further oxide scaling, with the most critical ones being reduced dielectric reliability and exponentially increasing leakage ͑tunneling͒ current with decreasing oxide thickness. 1, 2 This dictates a search for alternative materials with a dielectric constant higher than that of SiO 2 (⑀ SiO 2 ϭ3.8). Aluminum oxide (Al 2 O 3 ) and other alumina-based materials are considered to be candidates for gate dielectric applications. [1] [2] [3] An attractive feature of this material is that, in contrast to most high-K materials for which higher dielectric constant usually comes at the expense of narrower band gap 4 ͑and consequently lower barrier height for electrons and holes which determines leakage current͒, Al 2 O 3 has the band gap similar to SiO 2 and the dielectric constant more than twice higher ͑⑀ Al 2 O 3 ϳ9, for thin films͒. It is not surprising therefore to find reports on thick Al 2 O 3 gate oxides in metaloxide semiconductor ͑MOS͒ devices in the beginning of the integrated circuit history. [5] [6] [7] However, the properties of ultrathin Al 2 O 3 films and processing and integration issues behind their use for future deep sub-m MOS devices are not yet well understood.
For an electrical equivalent oxide thickness ͑defined as d EOT ϭd phys ⑀ SiO 2 /⑀ Al 2 O 3 ͒ in the sub-2 nm range, the physical thickness (d phys ) of Al 2 O 3 layers should be less than approximately 4 nm. For such ultrathin films on silicon substrate, a challenging task is their physical characterization. In this thickness range most profiling techniques do not offer the required sub-nm depth resolution. 8, 9 In this letter, we use a combination of powerful methods including a technique of nuclear resonance profiling, NRP ͓based on a low-energy, very narrow resonance in the cross section curve of the nuclear reaction 27 Al(p,␥) 28 Si͔, medium energy ion scattering ͑MEIS͒ and high-resolution transmission electron microscopy ͑HRTEM͒ to physically characterize ultrathin gatequality Al 2 O 3 films on Si with sub-nm resolution.
Nuclear resonance profiling ͑NRP͒ with the narrow, isolated resonance 10 at 404.9 keV in the cross section curve of the 27
Al(p,␥)

28
Si nuclear reaction was used to obtain Al concentration depth distributions. The measured excitation curves ͑i.e., ␥-ray yield versus incident proton energy͒ around the resonance energy (E R ) were converted into concentration profiles using the SPACES program, 11 which is based on the stochastic theory of energy loss of ions in matter. By measuring the excitation curves for thin and thick aluminum films, the nuclear reaction resonance at 404.9 keV was determined to be narrower than 40 eV. A highly tilted sample geometry ͑⌿ϭ65°with respect to the incident beam͒ was used to increase depth resolution. Several factors contribute to the obtained depth resolution of 0.4-0.5 nm near the surface 12 ͑i͒ an extremely narrow nuclear reaction resonance (⌫ R Ϲ40 eV); ͑ii͒ a significant energy loss of 405 keV protons in Al 2 O 3 ͑approximately 380 keV mg Ϫ1 cm Ϫ2 , if a density of 3.98 g cm Ϫ3 is assumed for Al 2 O 3 ͒; ͑iii͒ a low energy spread of the proton beam ͑FWHM ϳ80 eV at 405 keV͒, as provided by the 500 keV HVEE ion implanter in Porto Alegre; and ͑iv͒ an apparent thickness magnification by a factor of 2.4 due to the tilted geometry.
In addition to NRP, other powerful analytical techniques, such as MEIS, HRTEM and ellipsometry ͑both single-wavelength at 635 nm and spectroscopic͒, were used in this study. MEIS analysis was performed with 200 keV He ϩ ions as a probe. 8, 13, 14 A channeling scattering geometry with the ion beam aligned along the ͓111͔ axis of Si was used. The scattering angle was 60°. The net depth resolution of MEIS ͑based on combined energy resolution of the detector and the accelerator͒ was below 1 nm. The depth profiles were obtained from the simulations assuming stoichiometric Al 2 O 3 with the density of of 3.98 g/cm 3 ͑same as in the NRP͒ and the stopping power of 200 keV He ϩ ions in Al 2 O 3 of 1060 keV mg Ϫ1 cm Ϫ2 . More details about the MEIS setup and depth profiling analysis can be found elsewhere. 8, 9, 13, 14 Cross-sectional images of selected samples were obtained by high resolution transmission electron microscopy ͑HRTEM͒ Ultrathin ͑2-8 nm͒ films of Al 2 O 3 were deposited on Si͑100͒ ͑p and n type͒ wafers by atomic layer chemical vapor deposition ͑ALCVD͒ using a Microchemistry F-200 reactor. Cycles of trimethylaluminum ͑TMA͒ and water were used to grow the films. 15 Prior to the deposition, the wafers received a standard chemical preclean followed by thermal oxidation to grow an ultrathin (ϳ1 -1.5 nm) oxide or oxynitride. To understand the quality of the Al 2 O 3 /Si interface, some of the wafers were treated in diluted HF immediately before deposition to make H-passivated surface.
Excitation curves of the 27 Al(p,␥) 28 Si nuclear reaction around the resonance at 404.9 keV are shown in Fig. 1 for aluminum oxide films deposited on a thin silicon oxide thermally grown on Si͑001͒. The distinct separation of the spectra for the films differing by only 1-2 nm demonstrates the high ͑sub-nm͒ depth resolution of the technique. The lines through the experimental points are a result of the simulation obtained with the help of SPACES for the Al profiles shown in the inset. The 27 Al concentrations are given with respect to Al 2 O 3 . One can clearly see the aluminum concentration in the films is constant ͑within the depth resolution of the technique͒, equal to the aluminum concentration in stoichiometric Al 2 O 3 . The conclusion on Al 2 O 3 stoichiometry was confirmed by comparing the excitation curves of ultrathin films in question with those of thick Al 2 O 3 standards. One should also note an abrupt interface with the underlying silicon oxide.
For Al 2 O 3 films deposited on Si right after HF treatment, excitation curves, and corresponding depth profiles ͑Fig. 2͒ look very similar to the case of the deposition on ultrathin thermal SiO 2 films ͑Fig. 1͒. Here again, one should stress: ͑i͒ uniform films with constant concentration of Al through the films, and ͑ii͒ sharp interfaces.
MEIS spectra of Al 2 O 3 films on thermally grown oxynitride and HF-cleaned surface are shown in Figs. 3͑a͒ and  3͑b͒ , as well as the results of spectral deconvolution into the oxygen, aluminum, and silicon components. A small nitrogen peak is also seen in the sample with the oxynitride underlayer. Complementary to NRP, MEIS allows for oxygen ͑and silicon͒ profiling in addition to the aluminum depth distributions. The simulation of the spectra yielded the following results. All three techniques yield similar results that can be summarized as follows. Ultrathin Al 2 O 3 films deposited on Si ͑or on the bottom oxide or oxynitride layer͒ by the ALCVD technique show: ͑i͒ good uniformity; ͑ii͒ Al 2 O 3 stoichiometry; and ͑iii͒ abrupt interfaces. These results imply the films should have good electrical properties. In fact, our electrical measurements ͑Fig. 5͒ support this statement. The quasistatic capacitance-voltage ͑C-V͒ measurements indicate a small dc leakage for the larger voltages. By changing the ramp rate, we have verified that this leakage does not distort the quasistatic C-V in the relevant interval ͓Ϫ1,0͔. As can be seen, the interface state density is low. The high frequence C-V was ramped from Ϫ2 V to ϩ2 V and back. Very little hysteresis is observed in this voltage range. Scanning to larger voltages indicated the occurrence of some electron trapping, evidenced by a flatband shift towards more positive voltages.
